AD 


technical 

.  LIBRARY 

MEMORANDUM  REPORT  ARI.CB -MR-800  39 


MECHANICAL  PROPERTIES  OF  ROTARY  FORGED 
SOLID  ESR  PREFORMS 

F.  A,  Heiser 


October  1980 


US  ARMY  ARMAMENT  RESEARCH  AND  DEVELOPMENT  COMMAND 

LARGE  CALIBER  WEAPON  SYSTEMS  LABORATORY 
bene't  weapons  laboratory 

WATERVLIET,  N.  Y.  12189 


AMCMS  No.  3297.06.7588 
PRON  No.  M1-7-P2913-M11A 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 

InnOQTJAIXRroSPBUTEDS 


DISCLAIMER 


The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unless  so  designated  by  other  author¬ 
ized  documents. 

The  use  of  trade  name(s)  and/or  manufacturer(s)  does  not  consti¬ 
tute  an  official  indorsement  or  approval. 


DISPOSITION 

Destroy  this  report  when  it  is  no  longer  needed.  Do  not  return  it 


to  the  originator. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (When  Data  Entered) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  report  number 

ARLCB-MR-80039 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NllMHtR 

4.  TITLE  (and  Subtitle) 

MECHANICAL  PROPERTIES  OF  ROTARY  FOF 
SOLID  ESR  PREFORMS 

.GED 

S.  TYPE  OF  REPORT  A  PI'RIOO  COVl  Kt  O 

6.  PERFORMING  ORG  REPORT  NUMBER 

7.  AU  THO  Rfa) 

F.  A.  Heiser 

8.  CONTRACT  OR  GRANT  NUMBERS) 

^9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

US  Army  Armament  Research  and  Developn;cnt  Command 
Bcnet  Weapons  Laboratory,  DRDAR-LCB-TL 

Watervliet,  N.Y.  12189 

10.  PROGRAM  ELEMEN  T,  PROJECT,  TASK 

AREA  &  WORK  UNIT  NUMBERS 

AM  CMS  No.  3297.06.7588 

PRON  No. _M 1 -7-P2913-M11A 

12.  REPORT  DATE 

October  1980  >  

11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

US  Army  Armament  Research  and  Development  Command 
Large  Caliber  Weapon  Systems  Laboratory 

Dover,  New  Jersey  07801  _ _ 

13  NUMBER  OF  PAGES 

48 

IS.  SECURITY  CLASS  (of  this  report) 

UNCLASSIFIED 

u.  MONITORING  AGENCY  NAME  &  ADDRESS(if  different  from  Controlling  Office) 

15a.  DECL  ASSI  F 1  C  A  T 1 0  N  '  OO  WN  GRADING 

schedule 

16-  DISTRIBUTION  STATEMENT  (of  this  Report) 


Approved  for  public  release;  distribution  unlimited 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  if  different  from  Report) 


18.  supplementary  notfs 


~19.  KEY  WORDS  (Continue  on  reverse  side  if  necessary  and  identify  by  block  number) 

Electro  Slag  Pefining  (ESR) 

Rotary  Forging 
Steel 


2cf  ABSTRACT  (Continue  on  reverse  aide  if  necessary  and  identify  by  block  number) 

Electro  Slag  Refined  steel  which  had  been  rotary  forged  from  a  solid 
20  inch  cast  ingot  into  a  solid  13  inch  diameter  cylinder  was  evaluated 
metal 1 ©graphically  and  mechanically.  It  is  shown  that  the  degree  of 
working  is  not  uniform  across  the  cross  section,  being  greatest  near  the 
ID  and  least  near  the  center.  This  degree  of  working  manifests  itself 
in  the  ductility  but  not  in  the  strength  or  impact  toughness.  Normalizing, 
prior  to  quench  and  temper,  lowered  the  yield  strength  slightly,  but 

DD  7T5",  1473  EDITION  OF  1  NOV  6S  IS  OBSOLETE  UNCLASS I L I LP 

SECURITY  CLASSIFICATION  OF  THIS  **  AGE  D*  ml  -F 


TABLE  OF  CONTENTS 

Page 

INTRODUCTION  1 

PROCEDURE  1 

RESULTS  2 

DISCUSSION  2 

a.  Effect  of  Normalizing  2 

b.  Effect  of  Position  in  the  Preform  Disc  3 

c.  Metallographic  Analysis  4 

CONCLUSIONS  6 

TABLES 

1.  MECHANICAL  PROPERTIES  (NORMALIZED)  8 

2.  MECHANICAL  PROPERTIES  (NON -NORMAL I ZED )  10 

LIST  OF  ILLUSTRATIONS 

1.  Specimen  Layout.  12 

2.  Yield  Strength  (Center).  12 

3.  Yield  Strength  (Mid-Radius).  14 

4.  Yield  Strength  (OD).  15 

5.  Reduction  in  Area  (Center) .  18 

6.  Reduction  in  Area  (Mid-Radius) .  17 

7.  Reduction  in  Area  (OD) .  18 

8 .  CVN  (Center) .  19 

9.  CVN  (Mid-Radius).  20 

10 .  CVN  (OD) .  2i 


i 


Page 


11a. 

0260  -  Center  -  20X  -  Residual  Dendritic 

Structure  (Not  Normalized) . 

22 

lib  . 

0260 

(Not 

-  Center  -  100X  -  Inclusion  Pattern 

Normalized) . 

22 

11c.  . 

0260 

(Not 

-  Center  -  500X  -  Tempered  Martensite 
Normalized) . 

23 

lid  . 

0260 

(Not 

-  Center  -  1000X  -  Tempered  Martensite 
Normalized) . 

23 

12a. 

0260  -  Center  -  20X  -  Residual  Dendritic 

Structure  (Normalized) . 

24 

12b  . 

0260  -  Center  -  100X  -  Inclusion  Pattern 
(Normalized) . 

24 

12c  . 

0260  -  Center  -  500X  -  Tempered  Martensite 
( Normalized) . 

25 

1 2  d  . 

0260  -  Center  -  1000X  -  Tempered  Martensite 
(Normalized) . 

25 

1 2  e  , 

0260 

-  Center  -  500X  -  Large  Void  (Normalized) . 

26 

13a. 

0260 

(Not 

-  OD  -  20X  -  Residual  Dendritic  Structure 
Normalized) . 

27 

13b. 

0260 

(Not 

-  OD  -  100X  -  Inclusion  Pattern 

Normalized) . 

27 

13c  . 

0260 

(Not 

-  OD  -  500X  -  Tempered  Martensite 

Normalized) . 

28 

13d  . 

0260 

(Not 

-  OD  -  1000X  -  Tempered  Martensite 

Normalized) . 

28 

14a  . 

0260  -  OD  -  2  OX  -  Residual  Dendritic  Structure 
(Normalized) . 

29 

14b. 

0260 

-  OD  -  1 0 OX  -  Inclusion  Pattern  (Normalized)  . 

29 

14c  . 

0260  -  OD  -  5  00X  -  Tempered  Martensite 
(Normalized) . 

30 

Page 


14d. 

0260  -  OD  -  1000X  -  Tempered  Martensite 
(Normalized) , 

30 

15a. 

0323  -  Center  —  20X  -  Residual  Dendritic 

Structure  (Not  Normalized)  . 

31 

15b  . 

0323  -  Center  -  100X  -  Inclusion  Pattern 
(Not  Normalized) . 

31 

15c  . 

0323  -  Center  -  500X  -  Tempered  Martensite 
(Not  Normalized) . 

32 

1  5  d  . 

0323  -  Center  -  1000X  -  Tempered  Martensite 
(Not  Normalized) . 

32 

16a. 

0323  -  Center  -  20X  -  Residual  Dendritic 

Structure  (Normalized) . 

33 

16b  , 

0323  -  Center  -  100X  -  Inclusion  Pattern 
(Normalized) . 

33 

16c. 

0323  -  Center  -  500X  -  Tempered  Martensite 
(Normalized) . 

34 

16  d  . 

0323  -  Center  -  1000X  -  Tempered  Martensite 
(Normalized) . 

34 

1 6e  . 

0323  -  Center  -  1000X  -  Large  Inclusion 
( Norma 1 i z  ed )  . 

35 

17a. 

0323  -  Mid-Radius  -  20X  -  Residual  Dendritic 
Structure  (Not  Normalized) . 

36 

17b  . 

0323  -  Mid-Radius  -  100X  -  Inclusion  Pattern 
(Not  Normalized) , 

36 

17c. 

0323  -  Mid-Radius  -  500X  -  Tempered  Martensite 
(Not  Normalized) . 

37 

1  7d  . 

0323  -  Mid-Radius  -  1000X  -  Tempered  Martensite 
(Not  Normalized) . 

37 

18a. 

0323  -  Mid-Radius  -  20X  -  Residual  Dendritic 
Structure  (Normalized) , 

38 

18b  . 

0323  -  Mid-Radius  -  100X  -  Inclusion  Pattern 
(Normalized) . 

38 

iii 


Page 


18c  . 

0323  -  Mid-Radius  -  500X  -  Tempered  Martensite 
(Norma li zed). 

39 

1  8  d  • 

0323  -  Mid-Radius  -  1000X  -  Tempered  Martensite 
(Normalized) . 

39 

1  8e  .  * 

0323 

Test 

-  Mid-Radius  -  500X  -  Large  Inclusion  in 

Bar  (Normalized) , 

40 

19a  . 

0323 

(Not 

-  OD  -  20X  -  Residual  Dendritic  Structure 

No  rmal i zed )  , 

41 

19b  . 

0323 

(Not 

-  OD  -  100X  -  Inclusion  Pattern 

No  rmal i zed)  . 

41 

19c  . 

0323 

(Not 

-  OD  -  500X  -  Tempered  Martensite 

Normal i zed )  . 

42 

1 9  d  . 

0323 

(Not 

-  OD  -  1000X  -  Tempered  Martensite 

Normalized )  . 

42 

2  0a. 

0323  -  OD  -  2  OX  -  Residual  Dendritic  Structure 
(Normalized )  . 

43 

20b  . 

0323 

-  OD  -  100X  -  Inclusion  Pattern  (Normalized) . 

43 

20c  . 

0323  -  OD  -  500X  -  Tempered  Martensite 
(Normalized) . 

44 

2  0  d  . 

0323 

-  OD  -  1000X  -  Tempered  Martensite 

(Normalized) . 


44 


INTRODUCTION 


Initially,  rotary  forged  105mm  M68  tubes  were  produced  from 
Electro-Slag  Refined  (ESR)  steel.  Solid  cast  20  inch  diameter 
ingots  were  rotary  forged  into  13  inch  diameter  double  length 
preforms,  cut  in  half  lengthwise,  trepanned  and  rotary  forged 
into  M68  tubes.  While  this  technique  was  successful  for  pro¬ 
ducing  tubes,  attempts  to  use  the  material  in  the  solid  preform 
state  without  additional  forging,  met  with  mixed  mechanical 
property  results.  Therefore,  end  discs  were  taken  from  several 
preforms,  subjected  to  a  series  of  heat  treatments,  and  evalu¬ 
ated. 

PROCEDURE 

One-inch  thick  discs  were  taken  from  one  end  of  twelve  solid 
ESR  preforms.  The  discs  were  sectioned  into  two  semi-circular 
halves.  A  heat  treatment  scheme  was  developed  wherein  one  half 
of  each  disc  was  normalized  and  heat  treated,  and  the  second 
half  was  heat  treated  without  normalizing.  The  heat  treatment 
schedule  is  given  below: 

Normalized  (where  specified)-  1650°F  -  2  hrs  -  Air  Cooled 

Austenitize  -  1550°F  -  2  hrs  -  Water  Quenched 

Temper  -  1050°F  -  2  hrs  -  Water  Quenched 
Specimens  were  evaluated  at  three  radial  positions,  viz.,  pre¬ 
form  center,  mid-radius  and  one  inch  from  the  OD.  The  ori- 
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entation  of  all  specimens  was  transverse  with  the  Charpy  V-Notch 
(CVN)  toward  the  center  (similar  to  that  used  in  gun  tube  forging 
evaluation).  Specimen  location  and  identification  are  shown 
in  Figure  1. 

RESULTS 

The  results  for  the  normalized  and  non-no rma liz ed  preforms 
are  shown  in  Tables  1-2,  respectively.  When  the  study  was  run, 
there  was  an  interest  in  CVN  data  at  room  temperature  (R.T.), 
rather  than  at  -40°F,  as  is  done  on  tubes.  Thus,  a  direct 
comparison  of  preform  and  tube  data  is  not  possible.  However, 
it  is  possible  to  evaluate  or  relate: 

a.  Effect  of  normalizing  on  the  preform 

b.  Effect  of  position  in  the  preform 
DISCUSSION 

a.  Effect  of  Normalizing 

The  YS,  RA  and  CVN  (R.T.)  properties  for  the  normalized 
steel  are  shown  in  Table  1  and  plotted  against  those  for  the 
non- no rma li z e d  steel  (Table  2),  by  position  in  the  preform  disc 
in  Figures  2-10.  Several  observations  are  possible: 

(1)  The  yield  strength  of  the  normalized  steel  is  con¬ 
sistently  lower,  regardless  of  position  in  the  preforms 
(Figs.  2-4).  This  is  true  despite  the  fact  that  the  tempering 
cycles  were  the  same,  and  that  the  normalized  steel  was  tem¬ 
pered  with  non-no rmali z ed  steel. 
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(2)  Similarly,  there  is  a  fairly  consistent,  but  very 
small,  difference;  in  the  RA ,  with  the  normalized  steel  showing 
slightly  higher  RA  values  (Figs.  5-7).  The  closeness  of  the 
RA  values  can  more  readily  be  seen  if  the  instances  of  very 
low  RAfs  seen  in  some  of  non -no rma 1 i z e d  test  bars  are  dis¬ 
counted.  If  this  is  done,  the  average  RA T s  by  position 
in  the  disc  are: 


Center 

Mid-Rad 

OD 

Normalized 

33% 

41% 

43% 

Non-normalized 

33 

38 

40 

(3)  There  is  a  consistent  improvement  in  room  temper¬ 
ature  CVN .  The  range  of  differences  runs  from  1  ft-lb  to 
12  ft-lbs  with  the  normalized  steel  being  higher  (Figs  8-10). 
Even  if  the  yield  strength  factor  is  taken  into  account,  the 
data  show  that  normalizing,  even  at  the  relatively  low  tem¬ 
perature  used  (1650°F)  is  effective  in  the  forged  ESR  steel, 
b.  Effect  of  Position  in  the  Preform  Disc 

Using  Figs.  2-10,  it  is  possible  to  show  the  effect 
of  position  in  the  preform.  There  is  a  slight  increase  in 
yield  strength  from  the  center  to  the  OD,  with  the  change 
being  greater  for  the  non-normalized  steel.  There  is  an  even 
more  noticeable  effect  on  the  RA .  Despite  the  increasing 
strength,  the  RA  also  increases  from  the  center  to  the  OD. 

The  RA  values  showed  several  anomalies,  particularly  in  the 
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non-normalized  steel.  As  noted  in  the  tabularized  data, 
there  were  cases  where  the  test  bar  itself  was  cracked  prior 
to  testing.  These  values  were  ignored  in  computing  the 
average  RA T s  shown  previously.  However,  there  were  instances 
of  very  low  RA T s ,  i.e. ,  15%  or  18%  which  were  seen  at  the 

center  of  several  non-normalized  discs,  but  not  in  any 
normalized  discs. 

The  effect  of  position  on  CVN  ( RT )  is  not  so  clear. 
There  is  not  a  systematic  change  as  one  progresses  from  the 
center  to  the  OD.  There  are  differences,  but  there  are  as 
many  instances  of  higher  center  values  as  there  are  of  lower 
values . 

c.  Metallographic  Analysis 

Sections  from  two  preforms  were  evaluated  for  micro” 
structure,  inclusion  count  and  residual  dendritic  structure, 
to  note  the  effects  if  any,  of  normalizing,  and  of  position 
in  the  preform.  The  observations  are  shown  in  Figs.  11“20. 
All  exhibit  a  tempered  martensite  microstructure,  attesting 
to  the  adequacy  of  the  quench.  However,  the  same  photo¬ 
micrographs  show  evidence  of  microcracking  associated  with 
large  inclusions  and/or  voids.  These  phenomena  were  seen  in 
center  and  mid-radius  test  bars  but  not  in  specimens  taken 
near  the  OD . 
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The  residual  dendritic  structure  can  be  used  to  quali¬ 
tatively  evaluate  the  relative  working  during  the  forging 
operation.  As  the  amount  of  working  increases,  the  dendrites 
should  become  closer  spaced  and  more  ordered.  By  comparing  the 
photomicrographs  it  appears  that  the  center  was  worked  less 
than  the  mid-radius,  which,  in  turn,  was  worked  less  than 
the  OD .  This  is  probably  not  surprising,  but  certainly  shows 
the  danger  of  assuming  a  uniform  working  throughout  the  cross 
section.  It  also  demonstrates  the  inadequacy  of  using  forging 
ratio  or  reduction  in  cross  sectional  area  values.  Usually, 
forging  ratio  is  simply  the  geometric  ratio  of  the  starting 
cross  sectional  area  and  the  finishing  cross  sectional  area. 

In  this  case,  a  circular  cross  section  of  20"  diameter  is  re¬ 
duced  to  a  circular  cross  section  of  13"  diameter,  i.e.,  a 
forging  2.4:1.  From  a  metallurgical  standpoint,  considering 
the  working  at  specific  positions  in  the  cross  section,  the 
ratio  is  meaningless. 

The  m e t a 1 1 o g r a p h i c  observation  can  be  used  to  ration¬ 
alize  some  of  the  mechanical  property  results.  The  RA  is 
seen  to  increase  from  the  center  to  the  OD .  In  turn,  voids 
and/or  large  inclusions  are  prevalent  at  the  center  but  not 
near  the  OD.  The  deleterious  effect  of  these  perturbations 
on  the  RA  is  well  known.  This  probably  accounts  not  only  for 
the  generally  lower  ductility  at  the  center,  but  also  for  the 
several  instances  of  very  low  RA ,  (e.g.,  15%  or  18%). 
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The  apparently  greater  actual  working  near  the  OD, 
as  seen  by  the  change  in  residual  dendritic  pattern  does  not 
appear  to  affect  the  other  properties  measured.  The  average 
CVN  and  YS  do  not  change  from  the  center  to  the  OD .  Only 
the  RA  changed  consistently;  but  this  is  probably  due  to  the 
voids  and/or  inclusions  cited  previously. 

While  the  normalizing  treatment  affected  all  the 
properties,  it  does  not  cause  any  optically  observable  change. 
CONCLUSIONS 

Several  conclusions  can  be  drawn,  based  on  these  results: 

a.  The  amount  of  working  is  not  uniform  throughout  the 
cross  section  of  the  preform,  as  evidenced  by  observation  of 
the  residual  dendritic  structure. 

b.  Normalizing  affects  all  the  mechanical  properties 
measured . 

c.  Location  in  the  preform  had  no  effect  on  yield  strength 
or  CVN  (R.T.),  but  there  was  a  consistent  effect  on  ductility. 
The  average  RA  increased  from  the  center  to  the  OD  with  the 
largest  difference  seen  between  the  center  and  the  mid-radius. 

d.  Voids  and/or  large  inclusions  probably  account  for  the 
change  in  RA ,  and  for  the  several  very  low  RA  values.  The 

me t a llo g r aph i c  examination  shows  the  material  at  the  OD  to 
be  sounder  and  cleaner  than  that  near  the  center  and  mid¬ 
radius  . 
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e.  The  relatively  poor  material  at  the  center  is  no  cause 
for  concern  as  far  as  producing  tube  forgings  is  concerned 
since  the  center  material  is  removed  by  trepanning  prior  to 
rotary  forging.  All  the  preforms  on  which  these  tests  were 
made  were  subsequently  successfully  rotary  forged  into  105mm 
M68  tube  forgings. 
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MECHANICAL  PROPERTIES  (NORMALIZED) 
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TABLE  1  (cont'd) .. .MECHANICAL  PROPERTIES  (NORMALIZED) 
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TABLE  2  (cont'd)-  MECHANICAL  PROPERTIES  (NON-NORMALIZED) 
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(4)-  Cracked  test  bar 
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FIG .  10 


CVN  (OD) 
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FIG.  11a  -  0260  -  Center 
20X  -  Residual  Dendritic  Structure 
(  Not  Normalized) 
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FIG.  lib  -  0260  -  Center 
100X  -  Inclusion  Pattern 
(Not  Normalized) 


22 


FIG.  11c  -  0260  -  Center 
500X  -  Tempered  Martensite 
(Not  Normalized) 


FIG.  lid  -  0260  -  Center 
1000X  -  Tempered  Martensite 
(Not  Normalized) 


23 


FIG.  12a  -  0250  -  Center 

20X  -  Residual  Dendritic  Structure 

(Normalized) 


FIG.  12b  -  0260  -  Center 
100X  -  Inclusion  Pattern 
('Normalized) 
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FIG.  12c  -  0260  -  Center 
50OX  -  Tempered  Martensite 
(Normalized) 


FIG.  12d  -  0260  -  Center 
1000X  -  Tempered  Martensite 
(Normalized) 


25 


FIG.  12e  -  0260  -  Center 
500X  -  Large  Void 
(Normalized) 


26 


1 


FIG.  13a  -  0260  -  OD 

20X  -  Residual  Dendritic  Structure 

(Not  Normalized) 


FIG.  13b  -  0260  -  OD 
100X  -  Inclusion  Pattern 
(Not  Normalized) 
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FIG.  13c  -  0260  -  OD 
500X  -  Tempered  Martensite 
(Not  Normalized) 


FIG.  13d  -  0260  -  OD 
1000X  -  Tempered  Martensite 
(Not  Normalized) 
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FIG.  14a  -  0260  -  OD 

20X  -  Residual  Dendritic  Structure 

(Normalized) 


FIG.  14b  -  0260  -  OD 
100X  -  Inclusion  Pattern 
(Normalized) 


29 


FIG.  14c  -  0260  -  OD 

500X  -  Tempered  Martensite  ' 

(Normalized) 


FIG.  14d  -  0260  -  OD 

1000X  -  Tempered  Martensite 

(Normalized) 
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FIG.  15a  -  0323  -  Center 

20X  -  Residual  Dendritic  Structure 

(Not  Normalized) 


< 


FIG.  15b  -  0323  -  Center 
100X  -  Inclusion  Pattern 
(Not  Normalized) 
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FIG,  15c  -  0323  -  Center 
500X  -  Tempered  Martensite 
(Not  Normalized) 


FIG.  15d  -  0323  -  Center 
1000X  -  Tempered  Martensite 
(Not  Normalized) 
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FIG.  16a  -  0323  -  Center 

20X  -  Residual  Dendritic  Structure 

(Normalized) 


FIG.  16b  -  0323  -  Center 
100X  “  Inclusion  Pattern 
(Normalized) 
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500X  -  Tempered  Martensite 
(Normalized) 


1000X  -  Tempered  Martensite 
(Normalized) 
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FIG.  16e  -  0323  -  Center 
1000X  -  Large  Inclusion 
(Normalized) 
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FIG.  17a  -  0323  -  Mid-Radius 
20X  -  Residual  Dendriric  Structure 
(Not  Normalized) 


FIG.  17b  -  0323  -  Mid-Radius 
100X  -  Inclusion  Pattern 
(Not  Normalized) 
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FIG.  17c  -  0323  -  Mid-Radius 
500X  -  Tempered  Martensite 
(Not  Normalized) 


FIG.  17d  -  0323  -  Mid-Radius 
1000X  -  Tempered  Martensite 
(Not  Normalized) 
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mm  -  I 


FIG.  18a  -  0323  -  Mid-Radius 
2 OX  -  Residual  Dendritic  Structure 
(No rmalized) 


FIG.  18b  -  0323  -  Mid-Radius 
100X  -  Inclusion  Pattern 
(Normalized) 
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FIG.  18c  -  0323  -  Mid-Radius 
500X  -  Tempered  Martensite 
(Normalized) 


FIG.  18d  -  0323  -  Mid-Radius 
1000X  -  Tempered  Martensite 
(Normalized) 
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FIG.  18e  -  0323  -  Mid-Radius 

500X  -  Large  Inclusion  in  Test  Bar 

(Normalized) 
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FIG.  19a  -  0323  -  OD 

20X  -  Residual  Dendritic  Structure 

(Not  Normalized) 


FIG.  19b  -  0323  -  OD 
100X  -  Inclusion  Pattern 
(Not  Normalized) 
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FIG.  19c  -  0323  -  OD 
500X  -  Tempered  Martensite 
(Not  Normalized) 


FIG.  19d  -  0323  -  OD 
1000X  -  Tempered  Martensite 
(Not  Normalized) 
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FIG.  20a  -  0323  -  OD 

20X  -  Residual  Dendritic  Structure 

(Normalized) 


FIG.  20b  -  0323  -  OD 
100X  -  Inclusion  Pattern 
(Normalized) 
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FIG.  20c  -  0323  -  OD 

500X  -  Tempered  Martensite 

(Normalized) 


FIG.  20d  -  0323  -  OD 

1000X  -  Tempered  Martensite 

(Normalized) 
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